This paper presents weakly compressible Smoothed Particle Hydrodynamics (SPH) method for free surface flow problems. The free surface approach is a simplification, which can be applied to some multiphase problems. The method is briefly introduced and all relevant used techniques are described. To prove functionality of the algorithms, the solution of simple two-dimensional dam collapse problem is presented. This problem is regarded as a suitable problem, as it contains many features common to all free surface problems. The kinematics of this solution is in a relatively good agreement with experimental and numerical data obtained from the literature, both qualitatively and quantitatively. In the end, some measures are proposed to improve the current state of the algorithm to reduce present drawbacks.
Introduction
For simulating multiphase problem in general, various methods can be used. In fluid dynamics, Eulerian methods are usually preferred. The most common among these methods is Finite Volume Method (FVM). However, phase interface tracking algorithm, e.g. Volume of Fluid (VOF) [1] , has to be used. Another class of methods is based on Lagrangian approach. Lagrangian methods used in fluid dynamics are usually so-called particle methods. In these methods, fluid is represented by particles of given phase and constant mass. The Lagrangian approach seems to be suitable for multi-phase problems since phase interface is tracked naturally by particle movement. Two methods belonging to this group are Moving-Particle Semi-Implicit (MPS) [2] and Smoothed Particle Hydrodynamics (SPH) [3] . Both these methods are mesh-free i.e. they do not employ computational mesh for space discretization. Instead of that, governing equations are approximated utilizing so-called kernel functions.
Method
In this paper, Smoothed Particle Hydrodynamics (SPH) method is presented. SPH is a numerical method in which governing equations of fluid dynamics are discretized and solved. Since the fluid in SPH is represented by particles of constant mass, it is natural to give governing equations in Lagrangian form. Hence
A weakly compressible approach is employed, therefore continuity equation for compressible fluid (1) is given. In momentum equation (2) only isotropic pressure p and external force field f are considered. Since barotropic equation of state is used, i.e. ρ = ρ(p), there is no need to solve energetic equation.
The idea of function approximation originates from integral identity
where f is an arbitrary continuous function defined in domain Ω, x is vector giving certain point in space and δ is Dirac delta function. From this identity, a discrete approximation of the function can be derived in the form
where indices i and j mark certain particles and W is so called smoothing function, which approximates Dirac delta function. Integration is substituted for summation and the volume differential dx ′ is replaced with the finite volume of the particle given by m j /ρ j . Parameter h gives the maximum range of the smoothing function, i.e. how distant particles are considered in the summation. A similar approach is used to approximate a function gradient at the certain particle. The only difference is that the smoothing functions are replaced by their gradients. Thus
A number of smoothing functions has been proposed. In this work, the Gaussian smoothing function is employed. It can be written
where R = |x j − x i |/h and d is number of spatial dimensions. In this work, smoothing length h is chosen the same as the initial particle spacing in the solved problem. It gives reasonable number of interactions for every particle.
For more detailed description of SPH method see e.g. [4] .
Discretization of governing equations
The continuity equation (1) is approximated in the form
and utilized for density evolution. The rate of density change is determined by the relative velocities of the particles.
The momentum equation is approximated as
where Π ij denotes the artificial viscosity term which serves for numerical stabilization. Its value is governed by the equation
where c denotes sound speed, α is chosen parameter and ε = 0.01 prevents denominator from reaching zero value. Parameter α should be adequately small, not to influence the solution, just to ensure stability. The chosen value 0.1 appears to be correct regarding this condition. All variables having both i and j indices denote arithmetic mean value with respect to the particles i and j. For further details see [5] .
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Equation of state
As mentioned above, the liquid is considered to be barotropic. Equation of state used in this work is
where ρ 0 is density at pressure p 0 , γ is parameter which determines stiffness of the equation of state. For liquids it is usually chosen γ = 7 and for free surface problems it is chosen p 0 = 0Pa. Sound speed c is usually not taken as the physical sound speed. That would demand very small time integration steps and consequently lead to low computational performance. Therefore, numerical sound speed is utilized. It should be approximately ten times higher than expected maximal flow velocity in the solved problem [3] . That keeps variation in liquid density sufficiently low and the flow can be regarded as incompressible. In the below presented dam collapse problem the value is set to 100 m.s −1 .
Boundary conditions
Due to Lagrangian nature of the method, the free surface is naturally tracked and no special treatment is necessary. On the other hand, enforcing wall boundary conditions in particle methods is not as straightforward as in conventional grid-based methods. Since the liquid is considered inviscid, free slip boundary condition should be applied. In this work, very simple approach is used, which has been proposed in [3] .
A single layer of virtual particles is placed directly on the wall. Each virtual particle generates a repulsive force field in its vicinity, which is in a form of the Lennard-Jones potential. Hence
where D is problem dependent parameter, exponents p 1 and p 2 are chosen 4 and 2 respectively and r 0 is the limit beyond which the induced force field is zero. The spacing of virtual particles is a half of liquid particle spacing, just like the parameter r 0 . The solution of the given problem is not very sensitive to the value of D and it is chosen 1000 m 2 s −2 .
Numerical integration
For numerical integration of equations (7) and (8) any explicit scheme can be employed. Stability of an explicit scheme is dependent on the time step. The maximal time step is estimated using CFL condition [4] . For SPH it stands ∆t ≤ 0.25 min
There are more complex stability criteria, but they were not used to estimate maximal time step for the below presented problem. In this work, a modification of the leapfrog integration is employed, which respects, that acceleration of a particle is a function of its position, velocity and density [4] .
Dam collapse problem
The dam collapse is a problem, where the fluid movement is quite violent and the free surfaces arise and vanish during the simulation. The flow is driven by gravity and inertial forces are dominant in comparison to viscous forces and surface tension. It has been studied in the past and both numerical and experimental data are available for comparison. These are the main reasons, why this problem is chosen to be solved by the above-described method.
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Various numerical methods have been employed to solve the dam collapse problem in the past. Naturally, FVM with VOF, as the most common method in fluid simulations, has been used [1] . Also, the solution using other methods as Finite Element Method (FEM) [6] has been proposed. From particle methods MPS [2] and SPH [7] have been successfully applied. Experimental data suitable for comparison have been published in [2] [6] or [8] . In the initial configuration, the water column is 1 m wide and 2 m tall and it is adjacent to the left wall of the tank. The tank is 3 m deep and 4 m wide. The fluid domain is discretized by 5000 identical particles. Initially, gravity is not present, the pressure of all the particles is 0 Pa and initial density is 1000 kg.m −3 . Gravity is gradually switched on by the function
where t trans = 0.01 s is transient time period [7] . During this period gravity gradually rises, until it reaches the magnitude of 9.81 m.s −1 . Time step is set to 5.10 −5 s and kept constant throughout the simulation.
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Prague, February 21-23, 2018 _______________________________________________________________________ In the initial stage of the collapse, the bottom part of the column is pushed out by the falling top part and gains velocity (Fig. 2) . When the stream hits the right vertical wall, a jet leading along the wall is created. This jet partly disintegrates into few small groups of particles, which have enough momentum to get above the side walls (Fig. 3) . As the jet loses its momentum due to gravity, it falls back and a rolling wave is created (Fig. 4) . This wave strikes the fluid surface as it moves back towards the left wall. This is a fairly violent process and impacting wave rebounds from the surface (Fig. 5) . Roughly at the same time, ejected groups of particles strike the surface. The following waves are reflected from the walls and movement is gradually damped.
The kinematics of the flow is in relatively good agreement with numerical and experimental data presented in [2] and [8] . Scales used in simulation and experiment differ, therefore data comparison is conducted in dimensionless coordinates. Dimensionless time, surge front position and column height are defined as
where w and h are original width and height of the liquid column, ξ is surge front position and η is liquid column height. Data obtained from simulation are in relatively good agreement with experiment ( Fig. 1) . The column height acquired from the simulation is greater than in the experiment because the movement of the particles adjacent to the left wall is disturbed by the virtual TOPICAL PROBLEMS OF FLUID MECHANICS 165 _______________________________________________________________________ boundary particles (Fig. 2) . Forming of the rolling wave and its impact is at least in qualitative agreement with available data.
Pressure of the liquid is highly oscillating. The worst situation from this point of view is close to wall boundaries and during impacts. It changes dramatically in space and time and reaches magnitude up to 10 5 Pa, both positive and negative values. Therefore it is practically impossible to use pressure values to determine forces acting on the wall.
Conclusion and future work
In this paper, Smoothed Particle Hydrodynamics (SPH) method, which is suitable for simulation of free surface problems, has been presented. Its applicability has been demonstrated on a twodimensional dam collapse problem. Despite very noisy pressure distribution, a good agreement with experimental and numerical data has been reached in the kinematics of the flow.
To improve the current state of the program and remove the most obvious drawbacks, some additional algorithms should be implemented. To reduce pressure oscillations, an additional diffusive term to the continuity equation has been proposed [9] . Also, the way of enforcing wall boundary conditions should be altered to get better results. The robust and relatively straightforward method has been proposed [7] . Both mentioned modifications should lead to more credible results and should allow using the program for a wider range of problems.
